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We previously demonstrated that Treponema paUlidum cells incubated in vitro in the presence of heat-
inactivated normal rabbit serum (HINRS) synthesize, in very small quantities, several pathogen-specific,
low-molecular-mass proteins that appear to be localized extracellularly. In this study, we have taken advantage
of our ability to metabolically radiolabel T. pallidum cells to high specific activity to further characterize these
antigens. We found that the low-molecular-mass proteins are not related to the 15- and 17-kDa detergent-phase
proteins (J. D. Radolf, N. R. Chamberlain, A. Clausell, and M. V. Norgard, Infect. Immun. 56:490-498,
1988). The low-molecular-mass proteins did not incorporate 3H-labeled fatty acids and were not precipitated
by rabbit immunoglobulin G (IgG) antibodies directed against glutathione S-transferase fusions to the
nonlipidated 15- and 17-kDa proteins. We prepared polyclonal antisera to the low-molecular-mass proteins by
immunizing two rabbits with the concentrated supernatant of T. paUidum cells. IgG antibodies present in the
sera of both rabbits precipitated a 21.5-kDa protein from solubilized extracts of T. paUlidum supernatant and
cells. IgG antibodies in the serum of the second rabbit precipitated an additional 15.5-kDa low-molecular-mass
protein only from solubilized extracts of supernatant. While investigating the effect of eliminating HINRS from
the extraction medium, we observed that the low-molecular-mass proteins remained associated with trepone-
mal cells that were incubated in the absence of HINRS. These proteins could be eluted from the cells by the
addition of HINRS or rabbit serum albumin, suggesting that they are located on or near the treponemal cell
surface. The 15.5- and 21.5-kDa low-molecular-mass proteins were not washed off treponemal cells with buffer
containing 1 M KCI. Experiments employing selective solubilization of the T. pallidum outer membrane with
0.1% Triton X-114 and proteinase K accessibility indicated that the 15.5-kDa protein, but not the 21.5-kDa
protein, is cell surface exposed.
Syphilis is a chronic, sexually transmitted disease that
continues to be an important public health problem world-
wide (12). Key virulence determinants and protective immu-
nogens of the etiologic agent of syphilis, Treponema palli-
dum subsp. pallidum, have yet to be elucidated largely
because of the noncultivable nature of the spirochete. Re-
cent studies have indicated that the T. pallidum outer
membrane is a relatively protein-deficient, antigenically inert
structure that may contribute significantly to the ability of
the pathogen to evade the host immune response (6, 23, 29,
32, 37). Although the T. pallidum outer membrane is devoid
of major protein species, it contains a small number of
integral membrane protein molecules, at least some of which
are surface exposed and the putative targets of treponemi-
cidal antibodies (4, 29, 37). It is unclear whether these
treponemal rare outer membrane protein molecules repre-
sent one or more protein species, since they have not been
further characterized biochemically.
We have previously demonstrated that T. pallidum cells
extracted from rabbit testes and labeled with [35S]methion-
ine synthesize in very small quantities several pathogen-
specific, low-molecular-mass proteins that appear to be
localized beyond the treponemal outer membrane (11, 31,
32). The low-molecular-mass proteins are recognized by
immunoglobulin G (IgG) antibodies present in human and
rabbit syphilitic sera, indicating that they are produced
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during infection and elicit a host immune response (11, 31).
This study was concerned with the further characterization
of the low-molecular-mass proteins, since these antigens are
among the first T. pallidum proteins that interact with the
infected host. We found that the low-molecular-mass pro-
teins remained cell associated when treponemes were incu-
bated in medium without heat-inactivated normal rabbit
serum (HINRS). These proteins were eluted from the cells
by the addition of serum albumin. We used rabbit polyclonal
antiserum that recognizes two of the low-molecular-mass
proteins, the 15.5- and 21.5-kDa proteins, to facilitate inves-
tigation of their cellular location in T. pallidum. On the basis
of the results of experiments employing selective detergent
solubilization of the treponemal outer membrane and pro-
teinase K accessibility, we have concluded that the 15.5-kDa
protein is cell surface exposed.
(A preliminary report of this work [11] was presented at
the Molecular Biology of Spirochetes meeting, Annecy,
France, 21 to 23 October 1991.)
MATERIALS AND METHODS
Cultivation and in vitro radiolabeling of T. paUlidum. The
source of T. pallidum (Nichols strain) and its cultivation in
infected rabbit testes have been previously described (33).
Treponemes were extracted in a modification of the previ-
ously described extraction medium (31). Dithiothreitol, so-
dium metabisulfite, and cycloheximide were omitted from
the medium, and the concentration of HINRS was reduced
to 5%, except as noted. Rabbit testicular tissue was shaken
in 20 ml of extraction medium in a microaerobic atmosphere
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(5% 02-5% C02-90% N2) at 100 rpm on an incubator shaker
(model G24; New Brunswick Scientific Co., Edison, N.J.)
for 30 min at 33°C. The testicular tissue was reextracted
twice. Each extraction was centrifuged at 500 x g for 10 min
to sediment contaminating testicular cells. Supernatants
containing the treponemes were combined, centrifuged, and
suspended in extraction medium to 4 x 108 to 6 x 108 cells
per ml as previously described (31). The treponemes were
radiolabeled with Tran35S label in a modular chamber (Bil-
lups Rothenberg, Del Mar, Calif.) in a microaerobic atmo-
sphere for the periods indicated (see figure legends). Labeled
cells were pelleted in a microcentrifuge at 4°C for 15 min,
washed once in 10 mM Tris (pH 8.0), and solubilized in 10
mM Tris-1 mM EDTA (TE)-1% sodium dodecyl sulfate
(SDS) (pH 7.5) as previously described (31). Supernatants
containing the low-molecular-mass proteins were centri-
fuged twice in a microcentrifuge at 4°C for 15 min, precipi-
tated with an equal volume of cold trichloroacetic acid
(TCA), and processed as previously described (31). Radio-
immunoprecipitations were performed with portions of sol-
ubilized extracts of cells and supernatants. Precipitates were
analyzed by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and fluorography as previously described (33).
For experiments to determine incorporation of Tran35S
label into treponemal protein, duplicate sets of 1-ml samples
of 4 x 108 to 6 x 108 cells in extraction medium were placed
in sterile glass screw-cap vials. Fifty microliters of HINRS
was added to the first set of samples. Tran35S label (75
,uCi/ml) was added, and the samples were incubated at 33°C
in modular chambers with a microaerobic atmosphere for 1,
3, 6, 9, and 12 h. Duplicate 0.1-ml portions from each vial
were TCA precipitated and counted as previously described
(31). The remaining sample in each vial was processed for
SDS-PAGE as previously described (31).
Chemicals and reagents. Phenylmethylsulfonyl fluoride
(PMSF), protein A-Sepharose, Triton X-114, crystallized
lyophilized rabbit serum albumin (RSA), and other chemi-
cals were obtained from Sigma Chemical Co., St. Louis, Mo.
Proteinase K was obtained from Boehringer Mannheim
Biochemicals, Indianapolis, Ind. Unlabeled molecular mass
standards were obtained from Bio-Rad Laboratories, Rich-
mond, Calif. Tran35S label (1,153 Ci/mmol) was obtained
from ICN Biomedicals, Inc., Irvine, Calif. Freund's adju-
vant was obtained from Difco Laboratories, Detroit, Mich.
Normal rabbit serum was obtained from JRH Biosciences,
Lenexa, Kans.
Cell fractionation. Triton X-114 phase partitioning of T.
pallidum was performed by the method of Radolf et al. (27).
Treponemal cells (109) labeled overnight with Tran35S- label
in medium containing 5% HINRS were extracted with 0.2%
Triton X-114 (detergent-to-protein ratio of 10:1). Detergent-
phase proteins (DPPs) and aqueous-phase proteins were
acetone precipitated, resuspended in TE-SDS, and analyzed
by SDS-PAGE and fluorography (33).
Preparation of rabbit anti-low-molecular-mass-protein sera.
Treponemes were extracted as described above and stan-
dardized to 4 x 108 cells per ml in extraction medium.
Aliquots of 150 ,ul of cells were placed in 6.5-mm Transwell
cell culture inserts (Costar, Cambridge, Mass.) with a 0.1-
pum-pore-size polycarbonate membrane. The inserts were
placed in 24-well cluster plates containing 0.5 ml of extrac-
tion medium per well. The plates were incubated at 33°C in
a modular chamber with a microaerobic atmosphere. Fol-
lowing an overnight incubation, the media from the wells
were pooled and centrifuged twice in a microcentrifuge at
4°C for 15 min. Approximately 20 ml of medium supernatant
was concentrated 15-fold by using Centricon 3 microconcen-
trators (Amicon, Danvers, Mass.). Concentrated superna-
tant was mixed with an equal volume of Freund's complete
adjuvant on a Spex 5100 mixer mill (Spex Industries Inc.,
Edison, N.J.) for 15 min at 4°C and injected at each of four
sites intramuscularly into a male New Zealand White rabbit.
Subsequent booster injections were performed in the same
manner, except the supernatant was mixed with Freund's
incomplete adjuvant. Two rabbits were immunized by this
protocol. Rabbit 1 was given two booster injections; rabbit 2
was given four booster injections. Reactivities of the sera
were assessed by radioimmunoprecipitation.
Additional rabbit antisera and murine monoclonal anti-
body. The experimental rabbit syphilitic serum (ERSS) used
in this study was previously described (33). Rabbit antisera
directed against the nonlipidated 15-kDa protein-glutathione
S-transferase (GST) fusion protein and the 17-kDa protein-
GST fusion protein were obtained from Justin Radolf, Uni-
versity of Texas Southwestern Medical Center at Dallas.
Rabbit antiserum to the 33-kDa T. pallidum endoflagellar
core protein (FlaB2) was obtained from Steven Norris,
University of Texas Medical School at Houston. Murine
monoclonal antibody to the 47-kDa protein was obtained
from Joel Baseman, University of Texas Health Science
Center at San Antonio.
Elution of the low-molecular-mass proteins with HINRS and
RSA. Five 1-ml samples of 5 x 108 T. pallidum cells were
labeled with 280 p,Ci of Tran35S label per ml for 2 h in
extraction medium at 33°C in a microaerobic atmosphere.
Samples 1, 3, and 5 were labeled in the absence of HINRS.
Samples 2 and 4 were labeled in the presence of 5% HINRS
or 2 mg of RSA per ml (representative of the RSA concen-
tration present in 5% HINRS), respectively. Incorporation
of Tran 5S label was terminated by the addition of 100 ,ul of
4% methionine. Cells from samples 1, 2, and 4 were pelleted
in a microcentrifuge, washed once in 10 mM Tris (pH 8.0),
and solubilized in TE-SDS. The supernatants from the
labeled cells were centrifuged twice, TCA precipitated, and
processed as previously described (31). HINRS (final con-
centration, 5%) was added to the sample 3 cells, and RSA
(final concentration, 2 mg/ml) was added to the sample 5
cells; the samples were incubated at room temperature for 20
min. Cells and supernatants were treated as described
above. Equivalent portions of solubilized extracts of cells
and supernatants were analyzed by SDS-PAGE and fluorog-
raphy (33).
Washing of the T. paUlidum cells. Five 1-ml samples of 6 x
108 cells were labeled with 280 p,Ci of Tran35S label per ml
for 2 h in extraction medium at 33°C in a microaerobic
atmosphere. At the end of the labeling period, the cells were
pelleted in a microcentrifuge. Sample 1 cells were directly
solubilized in TE-SDS. Sample 2 cells were washed once in
10 mM Tris (pH 8.0) and then solubilized. Sample 3 cells
were washed once in 10 mM Tris and once in 10 mM Tris
containing 0.25 M KCl and solubilized. Sample 4 cells were
treated as the sample 3 cells, except that they were washed
an additional time in 10 mM Tris containing 1 M KCl.
Sample 5 cells were washed three times in 10 mM Tris.
Radioimmunoprecipitations were performed with portions of
solubilized extracts of cells and the antiserum from rabbit 2.
Precipitates were analyzed as previously described (33).
Localization of the 15.5- and 21.5-kDa proteins by selective
solubilization of the T. pallidum outer membrane with Triton
X-114. Two 1-ml samples of 4 x 108 T. pallidum cells were
labeled with 280 p,Ci of Tran35S label per ml for 2 h in
extraction medium without HINRS. Ten microliters of a
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10% solution of Triton X-114 (final concentration, 0.1%) was
added to the first sample. Ten microliters of phosphate-
buffered saline (PBS) was added to the control sample. The
samples were incubated at 4°C for 30 min with gentle
agitation. The cells were pelleted in a microcentrifuge at 4°C,
washed three times with 10 mM Tris (pH 8.0), solubilized in
TE-SDS, and processed as previously described (31). The
supernatants from the Triton X-114-treated and control cells
were centrifuged twice in a microcentrifuge at 4°C for 15
min, TCA precipitated, and processed as previously de-
scribed (31). Radioimmunoprecipitations were performed
with equivalent volumes of solubilized extracts of cells and
supernatants. Precipitates were analyzed by SDS-PAGE and
fluorography (33).
Proteinase K treatment of T. pallidum cells. Two 1-ml
samples of 6 x 108 T. pallidum cells were labeled with 280
,uCi of Tran35S label per ml for 2 h in extraction medium
without HINRS. One hundred microliters of 4% methionine
was added to terminate label incorporation. Ten microliters
of PBS (39) supplemented with 0.1 mM CaCl2 was added to
the control sample; 10 ,ul of proteinase K (5 mg/ml in
CaCl2-supplemented PBS) was added to the second sample.
The samples were incubated at 33°C for 60 min without
agitation. Fifteen microliters of a 200 mM stock solution of
PMSF was added to both samples. The cells were pelleted in
a microcentrifuge, washed once with 10 mM Tris (pH 8.0)
containing PMSF, solubilized in TE-SDS containing PMSF,
and processed as previously described (31). Radioimmuno-
precipitations were performed and analyzed as previously
described (33).
SDS-PAGE and fluorography. The SDS-PAGE system
used in this study has been previously described (33).
Samples were electrophoresed on SDS-15% polyacrylamide
slab gels. The gels were stained with Coomassie blue,
destained, and processed for fluorography as previously
described (33).
RESULTS
SDS-PAGE analysis of the radiolabeled protein profiles of
Triton X-114-fractionated T. paLlidum cells and the low-
molecular-mass proteins. We previously reported that T.
pallidum cells incubated in vitro synthesize a seemingly full
complement of proteins that can be intrinsically labeled with
[35S]methionine to high specific activity (31). Additionally,
we reported the presence of several low-molecular-mass
protein antigens in the cell-free supernatant of treponemes
incubated in extraction medium containing HINRS for peri-
ods as short as 1 min (32). These proteins are synthesized in
very small quantities and can only be visualized in SDS-
polyacrylamide gels following fluorography. To compare the
profile of T. pallidum proteins identified by Triton X-114
phase partitioning with that of the low-molecular-mass pro-
teins, we extracted Tran35S-labeled T. pallidum cells with
0.2% Triton X-114 (Fig. 1, lane A). The solubilized material
was phase partitioned as described by Radolf et al. (27).
Portions of the solubilized cellular fractions and the solubi-
lized TCA-precipitated supernatant containing the low-mo-
lecular-mass proteins were analyzed by SDS-PAGE and
fluorography. Although many of the cellular proteins were
insoluble in Triton X-114 (Fig. 1, lane B) or remained in the
aqueous phase (Fig. 1, lane D), a limited number of proteins
were present in the detergent phase (Fig. 1, lane C), includ-
ing two proteins designated by Radolf et al. (27) as the
15-kDa DPP and the 17-kDa DPP (Fig. 1, lane C; indicated
by the dots). Fatty acid labeling experiments have shown







FIG. 1. SDS-PAGE comparison of the Tran35S-labeled protein
profiles of Triton X-114-fractionated T. pallidum cells with the
protein profile of the low-molecular-mass proteins. T. pallidum cells
were Tran35S labeled overnight in extraction medium containing 5%
HINRS and were phase partitioned with 0.2% Triton X-114 as
described in the text. The low-molecular-mass proteins present in
the supernatant of the radiolabeled cells were TCA precipitated and
solubilized as described in the text. Portions of the solubilized
fractions were analyzed by SDS-PAGE and fluorography (33).
Lanes: A, whole T. pallidum cells solubilized in TE-SDS; B, Triton
X-114-insoluble material; C, DPPs; D, aqueous-phase proteins; E,
low-molecular-mass proteins. The positions of the 15- and 17-kDa
DPPs are indicated by the dots. The position of the 15.5-kDa
low-molecular-mass protein is indicated by the arrow. Molecular
mass standards (in kilodaltons) are indicated on the left.
that most of the highly immunogenic DPPs, including the 15-
and 17-kDa DPPs, are lipoproteins (1, 5, 10, 26). The 15-kDa
DPP is likely identical to the 12-kDa antigen of Lukehart et
al. (16) and the 14-kDa DPP of Cunningham et al. (7). The
17-kDa DPP is likely identical to the 14-kDa protein de-
scribed by Lukehart et al. (16) and the 16-kDa DPP of
Cunningham et al. (7). Although these proteins migrated in
our gel system with molecular masses closer to those ob-
served by Cunningham et al. (7), we have retained the
nomenclature of Radolf et al. (27) to avoid confusion. Figure
1, lane E, represents the low-molecular-mass proteins
present in the supernatant of treponemes incubated in vitro.
These proteins range in molecular mass from approximately
24 to 14 kDa and include proteins of 21.5, 17, and 15.5 kDa.
We noted that a 15.5-kDa low-molecular-mass protein (Fig.
1, lane E; indicated by the arrow) migrated with a molec-
ular mass similar to that of the 17-kDa DPP. The results of
our radiolabeling experiments with [3H]palmitate and [3H]
myristate indicated that these fatty acids are not incorpo-
rated into any of the low-molecular-mass proteins, suggest-
ing that, unlike the DPPS, they are not lipoproteins (data not
shown).
Reactivities of rabbit antisera with the low-molecular-mass
proteins. To facilitate further characterization of the low-
molecular-mass proteins, we prepared antisera to these
proteins by injecting the concentrated supernatants of T.
pallidum cells incubated overnight in extraction medium
containing HINRS into two New Zealand White rabbits. The
reactivities of IgG antibodies present in the rabbit antisera
were evaluated by radioimmunoprecipitation with solubi-
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FIG. 2. Radioimmunoprecipitation of the T. pallidum low-molec-
ular-mass proteins and cellular proteins with various rabbit sera. T.
pallidum cells were Tran35S labeled overnight in extraction medium
containing 5% HINRS. Solubilized extracts of the low-molecular-
mass proteins (lane S) or cellular proteins (lane C) were precipitated
(A and B, respectively) with pooled normal rabbit serum from
rabbits 1 and 2 obtained prior to immunization (lanes 1), ERSS
(lanes 2), rabbit 1 antiserum to the low-molecular-mass proteins
(lanes 3), rabbit 2 antiserum to the low-molecular-mass proteins
(lanes 4), rabbit antiserum to the 15-kDa protein-GST fusion protein
(lanes 5), or rabbit antiserum to the 17-kDa protein-GST fusion
protein (lanes 6). The positions of the 15.5- and 21.5-kDa proteins
are indicated by the arrows. Molecular mass standards (in kilodal-
tons) are indicated on the left.
lized extracts of the low-molecular-mass proteins (Fig. 2,
lane S). Pooled normal sera obtained from rabbits 1 and 2
prior to immunization did not precipitate any of the low-
molecular-mass proteins (Fig. 2, set A, lane 1), whereas
high-titer ERSS precipitated all of the low-molecular-mass
proteins (Fig. 2, set A, lane 2). Antisera from both rabbits 1
and 2 precipitated a 21.5-kDa low-molecular-mass protein
(Fig. 2, set A, lanes 3 and 4, respectively). Additionally,
antiserum from rabbit 2 precipitated a 15.5-kDa low-molec-
ular-mass protein (Fig. 2, set A, lane 4). We previously
found that the 15.5- and 21.5-kDa proteins are the first
low-molecular-mass proteins that are precipitated by IgG
antibodies in sera taken from rabbits during early syphilitic
infection (11). Rabbit antisera to the nonlipidated 15-kDa
protein-GST fusion protein and the 17-kDa protein-GST
fusion protein, provided by J. Radolf (3), did not precipitate
any of the low-molecular-mass proteins (Fig. 2, set A, lanes
5 and 6, respectively). Furthermore, rabbit antiserum to a
24-kDa putative secreted T. pallidum protein that was char-
acterized by Hsu et al. (13) did not precipitate any of the
low-molecular-mass proteins (data not shown).
We next investigated whether the 15.5- and 21.5-kDa
proteins could be precipitated from solubilized extracts of
whole, Tran35S labeled T. pallidum cells (Fig. 2, lane C).
Only a trace amount of the 15.5-kDa protein (visible on the
original fluorograph) was precipitated from solubilized cell
extracts with the antiserum from rabbit 2 (Fig. 2, set B, lane
4), indicating that under these conditions, the majority of the
protein is present in the supernatant. In contrast, a 21.5-kDa
protein that appears to correspond to the 21.5-kDa low-
molecular-mass protein was precipitated from solubilized
cell extracts with the antisera from rabbits 1 and 2 (Fig. 2, set
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FIG. 3. Incorporation of Tran35S label into protein by T. palli-
dum cells incubated in the absence or presence of HINRS.
Treponemes freshly extracted from rabbit testes were suspended in
extraction medium lacking HINRS to a density of 4 x 108 to 6 x 108
cells per ml and continuously incubated in the presence of Tran35S
label (75 pCi/ml) either without (0) or with (A) HINRS (final
concentration, 5%). Duplicate samples (0.1 ml) were removed at 1,
3, 6, 9, and 12 h, precipitated with TCA, and counted as previously
described (31).
experiments have shown that the 21.5-kDa cell-associated
protein is present in the membrane fraction of sonicated T.
pallidum cells (data not shown). The antisera from rabbits 1
and 2 also precipitated the highly immunogenic 33-kDa
endoflagellar protein and the 47-kDa DPP (Fig. 2, set B,
lanes 3 and 4). This reactivity was likely due to the presence
of some contaminating treponemes in the concentrated su-
pernatant that was used to immunize the rabbits. Rabbit
polyclonal antiserum to the 33- and 47-kDa proteins does not
react with the low-molecular-mass proteins (data not
shown). Finally, rabbit antiserum to the 15-kDa protein-
GST fusion protein precipitated a protein with a molecular
mass of less than 14.4 kDa from solubilized cell extracts
(Fig. 2, set B, lane 5), whereas rabbit antiserum to the
17-kDa protein-GST fusion protein precipitated a protein
that exhibited migration similar to that of the 15.5-kDa
low-molecular-mass protein (Fig. 2, set B, lane 6). However,
since rabbit antisera to the 15-kDa protein- and 17-kDa
protein-GST fusion proteins did not precipitate the 15.5-kDa
protein or any of the other low-molecular-mass proteins
present in the solubilized supernatants (Fig. 2, set A, lanes 5
and 6, respectively), these lipoproteins are clearly not re-
lated to the low-molecular-mass proteins.
Radiolabeling of T. pallidum cells in the presence or absence
of HINRS. The presence of serum proteins in the HINRS
component of the extraction medium posed a problem in
preliminary attempts to purify the low-molecular-mass pro-
teins. Thus, we initiated experiments to determine the effect
of eliminating HINRS from the medium. Figure 3 shows the
incorporation of Tran35S label into TCA-precipitated
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FIG. 4. Comparison of the low-molecular-mass protein profiles
of T. pallidum cells radiolabeled in the absence of HINRS or the
presence of HINRS or RSA. One-milliliter samples of 5 x 108 T.
pallidum cells were Tran35S labeled for 2 h in the absence of HINRS
(samples 1, 3, and 5) or the presence of 5% HINRS or 2 mg of RSA
per ml (samples 2 and 4, respectively). The cells from samples 1, 2,
and 4 were pelleted, and the corresponding supernatants containing
the low-molecular-mass proteins were processed as described in the
text (lanes A, B, and D, respectively). HINRS (5% [final concen-
tration]) was added to sample 3 cells; RSA (2 mg/ml [final concen-
tration]) was added to the sample 5 cells. The samples were
incubated for 20 min at room temperature. The cells were pelleted,
and the corresponding supernatants were processed as described
above (lanes C and E, respectively). Equivalent portions of the
solubilized extracts from each sample were analyzed by SDS-PAGE
and fluorography. Only the relevant portion of the gel is shown.
Molecular mass standards (in kilodaltons) are shown on the left.
treponemal protein in the absence or the presence of
HINRS. Cells incubated in the absence of HINRS incorpo-
rated Tran35S label much more efficiently than cells incu-
bated in the presence of HINRS because of the competition
of methionine in HINRS with Tran35S label for uptake. As
expected, cells incubated with dialyzed HINRS incorpo-
rated label as efficiently as those incubated in the absence of
HINRS (data not shown).
We compared the radiolabeled protein profiles of solubi-
lized extracts of treponemal cells and the corresponding
supernatants that were obtained when T. pallidum cells were
incubated in the absence or presence of HINRS for 2 h. No
obvious difference was discernible in the one-dimensional
SDS-PAGE protein profiles of the solubilized cell extracts
(data not shown). In contrast, we observed an unexpected
difference in the profiles of the low-molecular-mass proteins.
In the absence of HINRS, only a small amount of the
low-molecular-mass proteins was present in the supernatant
(Fig. 4, lane A) compared with the characteristic profile of
the low-molecular-mass proteins in the supernatant of cells
incubated in the presence of HINRS (Fig. 4, lane B).
To determine whether the addition of HINRS would result
in the restoration of the characteristic low-molecular-mass
protein profile, T. pallidum cells were labeled for 2 h in the
absence of HINRS, incorporation was terminated, and
HINRS was added to the cells at the normal medium
concentration. Following an incubation at room temperature
for 20 min, the cells were pelleted and the supernatants were
TCA precipitated. Addition of the HINRS to the cells
resulted in the restoration of the characteristic low-molecu-
lar-mass protein profile (Fig. 4, lane C), suggesting that the
majority of the low-molecular-mass proteins remain associ-
ated with the treponemal cell in the absence of HINRS but
that these proteins can be eluted from the cells in the
presence of HINRS. Addition of heat-inactivated normal
human serum (HINHS) produced the same effect as HINRS
(data not shown). However, addition of HINRS or HINHS
to the supernatant of cells incubated in the absence of serum
21.5- t_m
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FIG. 5. Radioimmunoprecipitation of the 15.5- and 21.5-kDa
low-molecular-mass proteins from washed T. pallidum cells. One-
milliliter samples of 6 x 108 T. pallidum cells were Tran35S labeled
for 2 h. Sample 1 cells were pelleted and directly solubilized in
TE-SDS (lane A). Sample 2 cells were washed once in 10 mM Tris
(pH 8.0) and solubilized (lane B). Sample 3 cells were washed once
in 10 mM Tris and once in 10 mM Tris containing 0.25 M KCl and
solubilized (lane C). Sample 4 cells were treated as sample 3 cells,
except that they were washed an additional time in 10 mM Tris
containing 1 M KCl (lane D). Sample 5 cells were washed three
times in 10 mM Tris and solubilized (lane E). Immunoprecipitations
were performed with equivalent portions of the solubilized cell
extracts and the antiserum from rabbit 2. Precipitates were analyzed
by SDS-PAGE and fluorography. Only the relevant portion of the
gel is shown. Molecular mass standards (in kilodaltons) are shown
on the left.
did not restore the characteristic low-molecular-mass pro-
tein profile (data not shown).
We investigated whether RSA, the major protein present
in normal rabbit serum, was responsible for the effect on the
low-molecular-mass protein profile. A low-molecular-mass
protein profile was observed with the supernatant of cells
incubated in the presence of RSA (Fig. 4, lane D) that was
very similar to that observed with the supernatant of cells
incubated in the presence of HINRS. Addition of RSA to
cells incubated in the absence of HINRS resulted in the
restoration of this low-molecular-mass protein profile (Fig.
4, lane E). These results correlate with those of Gherardini
(9), who previously observed that the low-molecular-mass
proteins migrate as a complex with RSA on native polyacryl-
amide gels.
Effect of washing on the cell-associated 15.5- and 21.5-kDa
low-molecular-mass proteins. We conducted a series of wash
experiments to determine whether the 15.5- and 21.5-kDa
proteins could be washed off treponemal cells that were
Tran35S labeled for 2 h. Radioimmunoprecipitations were
performed by using portions of the solubilized cell extracts
and the antiserum of rabbit 2. Analysis of the precipitates
obtained with solubilized extracts of unwashed control cells
(Fig. 5, lane A), cells washed once or three times with 10 mM
Tris (pH 8.0) (Fig. 5, lanes B and E, respectively), and cells
washed with 10 mM Tris containing 0.25 or 1 M KCI (Fig. 5,
lanes C and D, respectively) indicated that the 15.5- and
21.5-kDa proteins were not washed off the cells even in the
presence of high levels of salt.
Localization of the cell-associated 15.5- and 21.5-kDa low-
molecular-mass proteins. Radolf et al. (27) reported that the
T. pallidum outer membrane can be selectively extracted
from intact cells with 0.1% Triton X-114. We used a modi-
fication of this procedure to determine the cellular location
of the 15.5- and 21.5-kDa low-molecular-mass proteins. T.
pallidum cells were Tran35S labeled for 2 h in the absence of
HINRS and then treated with PBS (Fig. 6, set A) or 0.1%
Triton X-114 (Fig. 6, set B). The cells were washed three
times and solubilized. Supernatants of the PBS-treated cells
(Fig. 6, set C) and Triton X-114-treated cells (Fig. 6, set D)
were TCA precipitated and solubilized. Radioimmunopre-
cipitations were performed with equivalent volumes of sol-
ubilized extracts of cells and supernatants and the antiserum
A B C D E
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FIG. 6. Radioimmunoprecipitation of solubilized extracts of PBS
treated or Triton X-114-treated T. pallidum cells and the superna-
tants of the treated cells with rabbit antisera or murine monoclonal
antibody. Two 1-ml samples of 4 x 10' T. pallidum cells were
labeled with Tran35S label for 2 h in extraction medium without
HINRS. PBS or Triton X-114 (final concentration, 0.1%) was added,
and the samples were incubated at 4°C for 30 min. Cells were
pelleted, washed three times, and solubilized. The supernatants of
the PBS-treated (control) and Triton X-114-treated cells were TCA
precipitated and processed as previously described. Immunoprecip-
itations were performed with solubilized cell extracts of the control
(set A), Triton X-114-treated cells (set B), solubilized supernatants
of the control (set C), and Triton X-114-treated cells (set D) with
rabbit 2 antiserum (lanes 1), rabbit antiserum to the 33-kDa endo-
flagellar protein (lanes 2), or murine monoclonal antibody to the
47-kDa protein (lanes 3). Precipitates were analyzed by SDS-PAGE
and fluorography. Molecular mass standards (in kilodaltons) are
indicated on the left.
from rabbit 2 (Fig. 6, lanes 1), rabbit antiserum to the 33-kDa
endoflagellar protein (Fig. 6, lanes 2) or a murine monoclonal
IgG antibody to the 47-kDa DPP (Fig. 6, lanes 3). The 21.5-,
33-, and 47-kDa proteins were precipitated from both the
PBS-treated and Triton X-114-treated cells (Fig. 6, sets A
and B, lanes 1, 2, and 3, respectively), whereas the 15.5-kDa
protein was precipitated from only the PBS-treated cells
(Fig. 6, set A, lane 1). No proteins were precipitated from
the supernatant of the PBS-treated cells (Fig. 6, set C).
Interestingly, the 15.5-kDa protein was clearly precipitated
from the supernatant of the detergent-treated cells (Fig. 6,
set D, lane 1), suggesting that this protein is either associated
with the T. pallidum outer membrane or present in the
periplasm. It should be noted that the 33-kDa endoflagellar
protein was also precipitated from the supernatant of deter-
gent-treated cells (Fig. 6, set D, lanes 1 and 2). This is
probably because of the shearing off of some exposed
endoflagella from the protoplasmic cylinders of detergent-
treated cells during the final centrifugation step (7, 24). In
contrast, the 47-kDa DPP, once reported to be a major cell
surface protein (15), was not precipitated from the superna-
tant of detergent-treated cells (Fig. 6, set D, lane 3). Cox et
al. (6) have recently confirmed the intracellular, predomi-
nantly cytoplasmic membrane location of this antigen.
Proteinase K treatment of T. pallidum cells. The results of
the Triton X-114 localization experiment prompted us to
determine whether the 15.5-kDa protein was cell surface
exposed. Previous experiments had established that the
low-molecular-mass proteins present in the supernatant of T.
pallidum cells are sensitive to proteinase K digestion (data
not shown). T. pallidum cells were labeled with Tran35S








FIG. 7. Radioimmunoprecipitation of solubilized extracts of
PBS-treated or proteinase K-treated T. pallidum cells with rabbit 2
antiserum or ERSS. Two 1-ml samples of 6 x 108 T. pallidum cells
were labeled with Tran35S label for 2 h in the absence of HINRS.
Label incorporation was terminated. PBS was added to the control
sample. Proteinase K (final concentration, 50 jig/ml) was added to
the second sample. The samples were incubated at 33°C for 60 min.
PMSF was added to both samples, and the cells were pelleted,
washed, and solubilized in TE-SDS containing PMSF. Immunopre-
cipitations were performed with solubilized extracts of control cells
and rabbit 2 antiserum (lane A) or ERSS (lane C) and solubilized
extracts of proteinase K-treated cells and rabbit 2 antiserum (lane B)
or ERSS (lane D). The arrows mark the positions of the 21.5-, 17-,
15.5-, and 14-kDa low-molecular-mass proteins (top to bottom).
Molecular mass standards (in kilodaltons) are on the left.
was terminated, proteinase K or PBS was added, and the
samples were incubated at 33°C for 60 min. The cells were
washed and solubilized, and radioimmunoprecipitations
were performed with portions of the solubilized cell extracts
and the antiserum from rabbit 2 or ERSS. The results of this
experiment are shown in Fig. 7. Both the 15.5- and 21.5-kDa
proteins were precipitated from PBS-treated cells by IgG
antibodies present in the antiserum of rabbit 2 (Fig. 7, lane
A). In contrast, while the 21.5-kDa protein was precipitated
from the proteinase K-treated cells, the 15.5-kDa protein
was clearly not precipitated from these cells (Fig. 7, lane B).
This result strongly suggests that the 15.5-kDa protein is cell
surface exposed. Note that the 33-kDa endoflagellar protein
and the 47-kDa DPP were precipitated from both PBS-
treated and proteinase K-treated cells, confirming their
subsurface location (Fig. 7, lanes A and B). When we
compared the precipitates obtained with the same solubi-
lized cell extracts and ERSS, we identified two additional
proteins (Fig. 7, lane C; indicated by the second and fourth
arrows [from top]) migrating just above and below the
15.5-kDa protein that were not present in the precipitates
obtained with solubilized extracts of the proteinase
K-treated cells (Fig. 7, lane D). These proteins, which
appear to correspond to two previously identified low-
molecular-mass proteins of 14 and 17 kDa (31), are cell
surface exposed but have not been further characterized. A
protein that migrated with a mobility similar to that of the
15.5-kDa protein was also precipitated from solubilized
extracts of the proteinase K-treated cells (Fig. 7, lane D;
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immediately above the third arrow). This protein, which was
not precipitated from these extracts with rabbit 2 antiserum,
is likely the 17-kDa DPP. Further examination of the precip-
itates obtained with the solubilized extracts of PBS-treated
and proteinase K-treated cells and ERSS did not reveal any
additional differences.
DISCUSSION
Characterization of the low-molecular-mass proteins has
been significantly impeded by the very limited quantities of
these antigens that are produced by T. pallidum cells incu-
bated in vitro. In this study, we have taken advantage of our
ability to radiolabel T. pallidum cells freshly extracted from
rabbit testes to high specific activity with Tran35S label to
facilitate further characterization of these proteins. We
found that none of the low-molecular-mass proteins are
related to the 15- and 17-kDa lipoproteins recently charac-
terized by Purcell et al. (25, 26) and Akins et al. (1). The
low-molecular-mass proteins did not incorporate 3H-labeled
fatty acids and were not precipitated by rabbit IgG antibod-
ies directed against GST fusions to the nonlipidated 15- and
17-kDa proteins.
We prepared rabbit antisera to the low-molecular-mass
proteins by injecting two rabbits with the concentrated
supernatant of T. pallidum cells. IgG antibodies present in
the sera of both rabbits precipitated a 21.5-kDa low-molec-
ular-mass protein from solubilized extracts of T. pallidum
supernatant and cells. IgG antibodies present in the serum of
the second rabbit precipitated an additional 15.5-kDa low-
molecular-mass protein from solubilized extracts of super-
natant but not from solubilized extracts of cells. Under these
conditions, the majority of the 21.5-kDa protein remained
cell associated, whereas the majority of the 15.5-kDa protein
was localized extracellularly.
During the course of investigating the effect of eliminating
HINRS from the extraction medium, we observed that the
low-molecular-mass proteins remained associated with
treponemal cells incubated in the absence of HINRS. These
proteins could be eluted from the cells by the addition of
HINRS or HINHS, suggesting that they are located on or
near the treponemal cell surface. The component of the
serum that mediated this effect was serum albumin. We
believe that it is unlikely that the low-molecular-mass pro-
teins are eluted by albumin in vivo, since this would not
appear to be beneficial to the treponeme. T. pallidum is
known to possess a fragile outer membrane that can be easily
disrupted by physical manipulation (6, 34). Small portions of
the treponemal outer membrane containing the low-molecu-
lar-mass proteins that bound albumin may have been de-
tached during the final centrifugation step in our procedure,
thus accounting for their observed elution. It should be
noted that Alderete and Baseman (2) reported that gradient-
purified T. pallidum cells bind host serum proteins, including
albumin, to their cell surface. Additionally, surface iodina-
tion studies by Penn et al. (23) with freshly extracted
treponemes resuspended in medium lacking HINRS showed
labeling of RSA that was associated with the treponemal cell
surface. In contrast, Cox et al. (6), using radioiodinated
serum proteins in a T. pallidum surface-specific radioimmu-
noassay, were unable to demonstrate that treponemes ad-
sorbed large amounts of either albumin or other host serum
proteins onto their cell surface. These disparate results may
be related to the sensitivity of the detection techniques that
were employed.
The biological significance of the ability of T. pallidum to
bind albumin is unknown. An interaction between bacterial
cell surface proteins and albumin has been reported for
several groups of streptococci (17, 19, 30, 38). It is possible
that the interaction of certain low-molecular-mass proteins
with albumin may be of physiologic importance. Albumin
binds long-chain fatty acids and acts as a nonspecific carrier
of metal ions, lipids, hormones, and other serum compo-
nents. Long-chain fatty acids complexed to albumin are
needed for the growth of Leptospira spp. (14) and the oral
treponemes Treponema denticola and Treponema vincentii
(36). Norris and Edmondson (21) have shown that the
protein fraction of serum is required for the in vitro survival
and limited multiplication of T. pallidum. If T. pallidum also
requires fatty acid-albumin complexes, the interaction of
certain low-molecular-mass proteins, such as the 15.5-kDa
protein, with albumin could provide a means for the acqui-
sition of these nutrients.
We found that the 15.5- and 21.5-kDa proteins could not
be washed off T. pallidum cells even in the presence of 1 M
KCI, indicating that these proteins are not loosely associated
with the treponemal cell surface. These results prompted us
to determine more precisely the cellular location of the 15.5-
and 21.5-kDa proteins. Several investigators have errone-
ously proposed a cell surface location for certain native T.
pallidum proteins (3, 8, 10, 13, 15, 18, 20, 22, 28, 31, 35).
Experimental manipulations (e.g., gradient purification, ex-
tensive washing, and prolonged in vitro incubation) used in
these localization studies likely resulted in the exposure of
subsurface components due to damage of the treponemal
outer membrane (6, 32, 34). We previously reported that
changes in the cell surface of T. pallidum occur during
prolonged in vitro incubation (32). Because of this observa-
tion, we did not extend our radiolabeling period beyond 2 h
for experiments aimed at localizing the 15.5- and 21.5-kDa
proteins. Additionally, we kept potentially disruptive manip-
ulations such as centrifugation and washing to a minimum
prior to performing our localization experiments. Radolf et
al. (27), using electron microscopy, demonstrated that deter-
gent solubilization employing low concentrations of Triton
X-114 selectively removed the outer membrane from T.
pallidum cells. They found very little protein associated with
the outer membrane from cells that had been labeled with
[35S]methionine for 20 h in the presence of 10% HINRS. We
used a modification of this procedure employing T. pallidum
cells radiolabeled for 2 h in the absence of HINRS to
investigate the location of the 15.5- and 21.5-kDa proteins. In
contrast to the 21.5-kDa protein, the majority of the 15.5-
kDa protein was precipitated from the supernatant of Triton
X-114-treated T. pallidum cells, suggesting that the 15.5-kDa
protein was associated with the released outer membrane.
Control radioimmunoprecipitations performed with IgG an-
tibodies directed against the 33-kDa endoflagellar protein
and the 47-kDa DPP confirmed the subcellular location of
these antigens, in agreement with the findings of Cox et al.
(6).
We used the criterion of proteinase K accessibility to
assess the cell surface exposure of the 15.5- and 21.5-kDa
proteins. The 15.5-kDa protein and two other proteins that
appear to correspond to the 14- and 17-kDa low-molecular-
mass proteins were clearly surface exposed, since they could
not be precipitated from solubilized extracts of cells that had
been pretreated with proteinase K. At this juncture, the
exact location of the 21.5-kDa protein remains questionable.
Simple cell fractionation experiments have indicated that the
majority of the 21.5-kDa protein is present in the T. pallidum
membrane fraction. This protein may be anchored to the
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external side (periplasmic leaflet) of the cytoplasmic mem-
brane. The small amount of the 21.5-kDa protein detected in
the supematant of cells incubated in vitro may be the result
of some leakage of this protein from the cells when the
surface-exposed low-molecular-mass proteins are eluted
from the treponemal cell.
Freeze fracture studies of the outer membrane of T.
pallidum cells freshly extracted from rabbit testes in PBS
have demonstrated the presence of scarce intramembrane-
ous particles, some of which appear to extend through the T.
pallidum outer membrane and are surface exposed (4, 29,
37). At the present time, we do not know whether these
treponemal rare outer membrane protein molecules are
related to any of the low-molecular-mass proteins. However,
like treponemal rare outer membrane proteins, the low-
molecular-mass proteins are synthesized in extremely small
quantities, and certain of these proteins are cell surface
exposed. Experiments are currently under way in our labo-
ratory to identify Eschenchia coli clones from our T. palli-
dum genomic libraries that express the low-molecular-mass
proteins. We are hopeful that the greater availability of
recombinant-expressed low-molecular-mass proteins will fa-
cilitate a more detailed analysis of the potential role of these
proteins in treponemal pathogenesis.
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